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ABSTRACT 
The preservation of cells, tissues and organs by cryopreservation is a promising 
technology nowadays. However, the primary purpose of this science has been diverted to a 
doubtful technology, cryonics. Cryopreservation techniques are now being adapted with the 
aim of preserving people’s bodies after death in hope that in the future, medicine will be able 
to revive them. In this report we analyze both scientific and social issues involved with this 
technology. We first studied the events taking place in the cells during regular freezing. 
Various research experiments show that freezing causes damage to the cells. Therefore, 
vitrification presented by cryonics companies as an alternative, seems to be reasonable. We 
also looked at all the difficulties of this procedure and at the injuries that such a treatment 
could cause to the human body. Studies show that the vitrification procedure suppresses the 
injuries related to freezing but the use of cryoprotectants, although necessary, is toxic to the 
cells. Organs, such as kidneys, are the largest entities ever vitrified and thawed with success. 
By analyzing all present scientific data, we conclude that there is a limit to the size of living 
matter that can be cryonised effectively; therefore we conclude that it is not possible to 
cryonize an entire human body with the current technology without causing severe damage to 
it. 
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1. Introduction 
 
Many current scientific inventions and technologies that are now part of the daily life 
could only be imagined in the past and were the object of science fiction stories. Many of 
those that were considered impossible and highly opposed by scientists later caused a 
revolution in the science world (e.g. television, telephone, computers, planes, space travel). At 
present time, when science is rapidly progressing, some ideas that now seem to be unrealistic 
for the scientific community draw a lot of attention in the society. One of those is cryonics – 
an idea of extending human life by “cheating death”.  
Cryonics is preservation of a human (or animal) body or for example just the brain at 
extremely low temperatures (typically -196°C) with hopes of future revival. People who wish 
to cryogenically preserve their body are often people who suffer and die from diseases that 
cannot be cured with present medical knowledge. Such people see cryonics as a possibility to 
come back to life in the future when technology will develop so that their diseases can be 
cured. However, the changes that occur in the body during the cryonisation procedure cannot 
be reversed and the idea of cryonics seems to have no real scientific proof and be only 
supported by the hopes of future development of medicine and nanotechnology. Currently 
several companies around the world offer their services in cryopreservation, those are: Alcor 
(USA), Kriorus (Russia) and Cryonics Institute (USA). Even though cryonics is not 
considered to be a trust-worthy and reasonable technology for most of the scientist, around 
200 people have been cryogenically frozen already (Holwey K., 2010).  
 
Relevance to the semester theme: 
 Our project idea fits the third semester theme “Reflexion on natural science and the 
dissemination of knowledge in the field of natural science” since cryonics causes 
disagreement in the scientific society and nevertheless is viewed as a potential cure by the 
ordinary people who choose to invest in it. This might be a result of certain aspects of 
cryonics present in everyday life (movies, books and mass media) and speculation on the 
future scientific development. In this project we are going to analyze scientific and societal 
aspects of cryonics, therefore our main problem formulation is:  
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What current evidence/proofs justify/reject the idea of cryonics in the scientific 
community and in society? 
 
Sub questions: 
− What are the origins of cryonics? 
− Which ethical and religious aspects are involved? 
− What is the present statistical, financial and legal information? 
− What would “post-awakening” life of the patients be?  
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2. Cryonics 
 
2.1 History 
 
 Already present in American fiction stories in the 1930s (e.g. The Corpse That Lived, 
The Ice Man ..), the concept of frozen humans being thawed years later using new 
technologies inspired Robert Ettinger who first depicted the idea of cryonics in detail in his 
book The Prospect of Immortality (1962). At that same time Evan Cooper published 
Immortality: Physically, Scientifically, Now, which describes the exact same notion 
(Shoffstall, 2010).  
 The word “cryonics” was only invented in 1965 by Karl Werner, who was a student at 
the time. Although Ettinger is the one considered as the father of cryonics (because his book 
was more popular), it was Evan Cooper who first founded a cryonics industry: The Life 
Extension Society (LES). The goal of this company was to promote the freezing of human 
beings. The idea of cryonics was later echoed by numerous people and many companies such 
as The Cryonics Society of New-York, The cryonics Society of Michigan (now known as the 
Immortalist Society), and The Cryonics Society of California (CSC) were created. On January 
12th 1967, the CSC proceeded to the first cryopreservation of a human being. Dr James H. 
Bedford, a 73 year old psychology professor from Los Angeles, was the first man ever to be 
placed in cryonic suspension by Robert Prehoda and Robert Nelson. More cryopreservations 
were done at CSC, mostly by Nelson. However, there were no legal or formal arrangements 
for the payments, and some of the patients (or their families) did not or could not provide the 
money for long term storage. So Nelson started paying for these patients from his own pocket. 
But his funds diminished quickly, and in 1970, he ran out of money and abandoned the nine 
patients he had, who started to thaw and decompose. A few years later, Nelson was found and 
sued. After this incident, many cryonics companies closed down, and some former members 
of CSC founded Alcor Life Extension Foundation, today known as Alcor, which is the most 
well-known cryonics organization (Shoffstall, 2010). 
 The oldest cryonics society still in activity today is the American Cryonics Society, 
founded in 1969. Today there are only a few organizations left (i.e. Alcor, Cryonics Institute, 
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Suspended Animation, Inc.) and a total of 214 patients and 71 pets have been cryonised so far 
(cryonics.org). 
 
2.2 Companies, prices and statistics 
 
There are currently several profit and non-profit companies related to cryonics, but 
only four of them offer the storage of bodies: Alcor, the Cryonics Institute, Trans Time and 
KrioRus. Other companies such as the American Cryonics Society, EUCrio or Suspended 
Animation, Inc. only offer perfusion with the cryoprotectants (substances preventing damage 
to the cells and easing the suspension process), standby (which consists in waiting for the 
death of the patient and cooling down of the body as soon as death occurred) and transport to 
a storage facility (cryonics.org). The table in Appendix 1 is a summary of the different 
services the organizations offer. 
In order to participate in a cryonic suspension program, a patient must fulfill three 
requirements: first he has to become a member of a chosen cryonics company by doing the 
necessary paperwork and paying a membership fee (yearly fee). Then he must give an 
authorization so that the company legally owns his body after death. And finally pay a fee to 
the company, which covers suspension, storage and revival. Some companies not only offer 
cryopreservation of the whole body, but also preservation of only the brain 
(neurocryopreservation), as well as the preservation of the patient’s pet. The fees are really 
high (Table 1), and therefore cryonic companies suggest their patient to have a life insurance, 
that could help them pay. Likewise, to help potential patients, companies give guidance in all 
the areas concerned (see Appendix 2).  
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Table 1: Prices for whole body preservation, neurocryopreservation, pet cryopreservation and yearly fees 
for the companies offering those services. The prices are subject to changes and do not include either the 
membership fee or the eventual standby and transport fees. (Modified from cryonics.org) 
COMPANY WHOLE BODY NEURO PET YEARLY FEES 
Alcor $150,000 $70,000 - $478 
ACS $155,000 - - $376 
CI $28,000 or $35,000 - from $5,800 $120 
EUCrio - - - € 420 
KrioRus $30,000 $10,000 - - 
SA - - - - 
Trans Time $150,000 $50,000 - $96 
“-” data not available, or service not offered. 
 
Arguments presented in support of cryonics 
 Although cryonics is not proven to be effective, cryonization companies present 
certain arguments to convince potential patients that cryonics is a feasible technology.  
One of the main arguments employed is speculation on the definition of death. 
According to the companies, people that are in cryopreservation are not dead, since death is 
not an event, but a process that takes place over a certain period of time. Therefore, cryonics 
procedures if started in time are a way of preserving the structure of the body by vitrification 
until the technology will advance to repair the damage from processes occurring due to death 
and cryonization procedures. As companies employ, it is a particular structure of a body that 
is a base for life and cryonics is a way to preserve it (Alcor Life Extension Foundation). 
Another important argument in favor of cryonics, according to the cryopreservation 
companies, is the development of nanotechnology and nanomedicine. As companies state, the 
advancement of these technologies will eventually lead to development of devices capable of 
extensive tissue repair on the cellular and molecular level. Therefore it is only the matter of 
time, when their patients will be revived (Alcor Life Extension Foundation and Cryonics 
Institute).   
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2.3 Laws and regulations 
 
Since cryonics is not recognized as a medical practice, patients must be legally dead 
before the cryopreservation protocol is started. The criteria used to pronounce legal death 
differ between countries, in some cases legal death can be pronounced if ‘only’ the brain is 
dead, meaning that the patient is in an irreversible coma and therefore does not show any 
brain activity. The brain death is considered legal death in most of states of the USA. In other 
states, such as New Jersey and New York, the heart and lungs must also have stopped 
functioning in order to observe death of the patient. However brain death must not be 
confused with vegetative state, in which the patient can open his eyes and seems to be awake 
even though the brain shows almost no activity.  
Of course cryonics is associated with political and legal issues. As mentioned earlier, 
in the USA, cryonic patients have to authorize the companies to own their body after their 
death, this is made possible by the Uniform Anatomical Gift Act (UAGA). Individuals can 
choose to donate their organs or have their body dissected for the study of sciences, and in our 
case to be used in a cryonic suspension program (Alcor Life Extension Foundation). 
Therefore, this UAGA allows companies to own the bodies, just as an organ transplantation 
company can possess organs, making their status legal in the United States.  
In order to avoid autopsy after their death, cryonics patients wear bracelets, necklaces 
or even tattoos providing information to the coroner (Figure 1). Some cryonauts also joined a 
“religion” in order to avoid autopsy The Society for Venturism, “Having an autopsy is 
strongly against the beliefs of the Society for Venturism (www.venturism.info)”, the members 
of this religion are offered a card stating their opposition to an autopsy (www.venturist.info).      
Figure1: Tattoo for a coroner (Romain , 2010) 
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Because euthanasia and assisted suicide are illegal for cryonics purposes, a natural 
death is required (Alcor Life Extension Foundation). Euthanasia and assisted suicide, also 
called “voluntary or passive euthanasia” are the actions taken in order to end a life (or help 
end a life) and relieve someone from suffering, by for example turning off a medical 
ventilator or providing drugs or equipment to that person in the case of assisted suicide. Both 
assisted suicide and euthanasia are illegal in most countries and are considered to be criminal 
homicides, but Belgium, Luxembourg, Switzerland, Albania, the Netherlands, and the US 
state of Oregon legalized it. The US state of Montana and Washington as well as Germany, 
Mexico and Ireland only authorize voluntary euthanasia. In some other countries, such as 
Japan, the laws regulating those practices are still blurry.  
 
3. Chemical and biochemical principles of freezing 
 
For the understanding of cryonics it is important to describe the processes that occur 
on the cellular and molecular level in the organism when the temperature of the surroundings 
is decreasing. When an organism is subjected to low temperatures, structural changes of the 
various macromolecules drastically affect cell metabolism.  
The cells are mostly composed of water, it represents 65% to 80% of the cells’ 
volume. Studies on freezing showed that about 10% of the water was not capable of freezing; 
only 90% of the water was converted into ice. The fraction of water able to freeze is called 
“free” or “bulk” water. The remaining unfrozen water is called “bound” water (or “water of 
hydration”) as it is bound to the proteins, lipids, nucleic acids and other molecules present in 
the cells. The removal of this bound water is harmful to the cells as it causes the denaturation 
of proteins and enzymes and fusion of the membranes between two cells (Fuller et al, 2004). 
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3.1 Effects of low temperature on the cells 
 
On the cell’s membrane 
Low temperatures are harmful to the cell’s integrity. There are two types of chilling 
injury which can be lethal to the cells: direct and indirect chilling injury. Direct chilling injury 
(DCI), or cold shock, occurs directly after cooling at temperatures still above 0°C, whereas 
indirect chilling injury is only visible after a prolonged exposure to low temperatures. 
Cell membranes can exist in two phases: a liquid crystalline phase (Lα) and a more 
ordered gel state (Lβ), see figure 2. Liquid crystalline phase ensures the most efficient 
function of the membrane. In the gel phase the lipids’ mobility is much reduced compared to 
that in the liquid state (Ghetler et al., 2005). A sudden transition from the liquid to the gel 
phase occurs when the temperature is lowered, and is understood to be at the origin of an 
increase in the membrane permeability which can lead to the loss of some of the cell’s 
constituents along with the penetration of outside components inside the cell (Moussa et al., 
2008). The lipid phase transition is a mechanism of DCI; it also has an effect on the 
functionality and structure of the proteins bound to the membrane. These potentially lethal 
events could only be reversed if the cells were still metabolically active, but the low 
temperatures do not allow any activity. Besides, some researchers observed the leakage of 
some low molecular weight proteins from the cells during the phase transition (Moussa et al., 
2008).  
 
Moreover, during prolonged exposure to low temperatures, the viscosity of the 
membrane increases and further cooling results in phase separation (figure 3), when lipids 
with higher phase transition temperature undergo crystallization into “islands”, or “rafts” of 
the gel phase, which are aggregations of the membrane’s components (Ramløv H, 2000). This 
Figure 2: Lipid phase transition from 
liquid to gel phase during cooling. 
(Ghetler et al., 2005) 
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rearrangement is part of the indirect chilling injury. These rafts are thought to have important 
effects on intracellular signaling, leading to an incorrect signaling (Tablin et al., 2001). 
 
These “islands” may further trigger crystallization of the adjacent regions. In turn, 
these changes decrease permeability of the membrane and cause the membrane proteins to 
aggregate in places where membrane lipids are still in the liquid crystalline phase (Ramløv H, 
2000). Further cooling may cause even more drastic changes in the cell membrane, as normal 
bilayer structure of the lipids can be lost due to rearrangement: lipids may reach the 
hexagonal II (HII) phase (see figure 4), where hydrophilic heads of the lipids surround the 
small amounts of liquid water that is still present (Ramløv H, 2000). 
 
Figure 4: Phase transition to hexagonal II phase. The blue represents the water still present. 
(http://www.structbio.pitt.edu/webusers/pvdwel/?page_id=7) 
 
On the proteins 
When subjected to low temperature, proteins may undergo denaturation and therefore 
lose their function. Cold denaturation temperatures of most proteins (at the pH of maximal 
stability) are usually below -15°C (Ramløv H, 2000). When cooling, protein denaturation 
Figure 3: illustration of the 
mechanism of chilling injury (lipid 
phase separation) happening in the 
cell’s membrane. Lipids and 
proteins are separating upon 
prolonged cooling. (Tablin et al., 
2001) 
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Figure 5: At point 1 the system is in a 
metastable state. A small activation energy 
would be enough to perturbation make it go 
through point 2, before it falls to point 3, 
where the energy is lower, and the system is 
much more sable. (E=energy on the y 
axis)(Wikipedia.com) 
depends on a number of stabilizing (hydrophobic interactions, hydrogen bonding, salt bridges, 
van der Waals interactions; S-S bridges) and destabilizing (core repulsion, configurational 
entropy, solvation effects) factors. These factors determine three dimensional arrangement of 
the polypeptide chain and different subunits in solution and may stabilize or destabilize the 
protein upon cooling.  
Denaturation of proteins at low temperatures is often reversible e.g. structural protein 
tubulin polymerizes again when temperature is normal (Ramløv H, 2000). However 
denaturation due to low temperature in some cases can result in complete loss or alteration of 
enzymatic function, e.g. – urease, phosphofructokinase – breaks into 2 dimers with different 
metabolic function (Ramløv H, 2000).  
 
3.2 Processes occurring during freezing of water 
 
There are some processes which are likely to occur during freezing that can be lethal 
to the cells: intra and extracellular ice formation (IIF and EIF), and chilling injury. The rate of 
cooling is an essential parameter in the outcome of the freezing procedure and can permit to 
avoid those damaging processes. The optimal cooling rate for a specific type of cells can now 
be determined experimentally and cryopreservation of cells by freezing is currently 
achievable; the procedure consists of exposing the cells to cryoprotective agents, before 
cooling them to extremely low temperatures (at first -70°C) and then storing them at -196°C. 
 
Freezing 
When the temperature is lower than the 
melting point of an organism’s body fluids, ice 
crystals may form inside the organism. Nucleation 
of ice crystals (particles that act as nuclei for 
formation of the ice crystals) may occur at any 
temperature below this point. However if ice is not 
formed when the temperature is equal to the 
melting point of the organism’s body fluids 
solution is supercooled or undercooled and is 
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metastable (Ramløv H, 2000), i.e. is in a state of apparent equilibrium, but can be converted 
into a more stable state with only a slight activation energy (such as nucleation), see figure 5 
(dictionary.com). Crystallization spontaneously occurs when water molecules aggregate into 
ice nuclei (homogeneous nucleation) or around the surface that lowers the activation energy 
of crystallization (heterogeneous nucleation) (Ramløv H, 2000). Crystallization is an 
exergonic process; during the nucleation released energy will make the supercooled liquid 
water go from a metastable state to a more stable frozen state. For this process to happen a 
sufficient number of water molecules need to form a cluster called an “embryo ice crystal”, 
which at a critical size becomes nucleus in the nucleation process. Heterogeneous nucleation 
occurs at favored sites such as impurities. Homogeneous nucleation happens less easily than 
heterogeneous, in part because it requires the ice nuclei to be in the interior of a uniform 
substance and also because it requires more energy than the heterogeneous nucleation. The ice 
crystal growth rate is dependent on the temperature: low temperatures will slower the growth 
rate. Thus, at a rapid cooling rate, the temperature is lowered rapidly, and the crystals that had 
nucleated first will not have time to grow, this will produce a high number of small crystals. 
And if the cooling happens slowly, “embryo ice crystals” will have time to grow, resulting in 
larger crystals (Meryman, 2007).  
In general nucleation process is dependent on several factors (Ramløv H, 2000):  
− temperature (increased nucleation probability at lower temperature),  
− volume of the sample (larger volume  higher probability of ice “embryo” formation, 
therefore larger volumes freeze closer to a melting point temperature),  
− presence of nucleating agents, 
− time.  
If the temperature is further decreased during nucleation, eventually the eutectic point 
is reached when the ice and the solutes begin to precipitate simultaneously (Ramløv H, 2000); 
an example of eutectic point is presented in figure 6.  
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Figure 6: Example of eutectic point for an inorganic aqueous binary system. (Van Der Ham et al., 1999) 
 
This example is really close to the mechanism occurring in the cells: here the two components 
are salt and water, and in our case the constituents would be intracellular water and solutes 
presents in the cytoplasm (salts and organic molecules). In figure 6, point A is the original 
composition of the system (specific temperature and salt concentration) at which the solution 
is unsaturated and liquid. The temperature is decreased to point B where the concentration of 
solutes remains the same, but the water starts to freeze. The freezing of water induces the 
solutes concentration to increase to point C: the total volume of the unfrozen solution 
decreases. The temperature keeps on decreasing, more ice is formed, and the solute 
concentration increases until the eutectic point (point D). At this point, the ice line of water 
from the graph meets the solubility line of the solute, where its concentration becomes 
saturated. Therefore the outcome of further cooling will consist in both ice and salt 
precipitation in two distinct solid phases, and the saturated solution which remains in a liquid 
state (Van Der Ham et al., 1999).  
In regular cooling procedures to -196°C at a pressure of 1 atm (0.101325 MPa, which 
is the atmospheric pressure of the Earth), the type of ice formed is ice I (Figure 17). Ice I is 
known to have a lower density than water, therefore, during freezing its volume will increase 
(up to 13% at -20°C) causing damages in the tissues, for example by compressing the cells 
together in the case of very slow and intermediate cooling (extracellular ice), or by ripping 
open the membrane of the cells during rapid cooling (intracellular ice) (Kalichevsky et al., 
1995). This change in volume can be related to the change in the size of the frozen tissue or 
organ as it undergoes a temperature change. During freezing and vitrification, the temperature 
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of a tissue or an organ, or even a whole body in cryopreservation is lowered to a great extent, 
and will make the flesh shrink. And as it is impossible to cool a body uniformly, the 
temperature on the outside of it will be lower than that of the inside. But the outside of the 
body will not be able to shrink as it should because the inside does not have the same 
temperature and therefore no shrinkage will be induced at that same time. Therefore the inside 
(where all the organs are located) will be compressed by the shrinkage of the outside. If this 
stress applied on the material is too strong, fractures are likely to happen as the outside will 
not be able to shrink properly (Taylor et al., 2003).  
 
Extra- and intra-cellular ice formation  
When frozen at subzero temperatures, the cells can be damaged by two main 
mechanisms, intracellular ice formation (IIF) and extracellular ice formation (EIF). Freezing 
can occur spontaneously at subzero temperatures; it may also be initiated due to the contact 
with external ice (inoculation). The freezing injuries (IIF and EIF) are not caused by the same 
conditions, EIF occurs when the cells or tissues are cooled slowly and IIF takes places during 
rapid cooling.  
Generally freezing creates a lot of damage to the normal cellular metabolism. The very 
process of freezing can be seen as drying – since more and more water molecules are removed 
from solution and form ice (Ramløv H, 2000). The subsequent increase in solute 
concentration also causes changes in pH, affects enzymatic activity and may lead to 
precipitation or denaturation of proteins, changes in membrane potential and membrane 
transport (Ramløv H, 2000). Generally, as water moves from the cell due to osmosis and 
vapor pressure, cells shrink. When cell volume decreases to a minimal volume, cell 
membrane begins to rest on the intracellular structures, causing stress and eventually breaking 
the membrane (Ramløv H, 2000).  
When ice formation is triggered (usually in the extracellular fluid: in the gut, tissues, 
in solution, in blood or in hemolymph), pure ice is formed and separates from the rest of the 
solution which become increasingly concentrated. The increase in the number of molecules in 
the extracellular solutions induces a change in the chemical activity of water; thereby 
changing the colligative properties of the solutions: osmotic pressure, lowering of the vapor 
pressure, elevation of the boiling point and depression of the freezing point:  
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- The lowering of the freezing point by the increase of concentration results in 
the solution being supercooled and preventing it from freezing at temperatures even lower 
than 0°C.  
- An osmotic pressure difference between the internal and external liquids will 
develop, the cytosol being hypotonic and the extracellular environment hypertonic, the water 
will flow from the inside to the outside, in order to reach osmotic equilibrium. The osmotic 
pressure (Π) is given by Van’t Hoff equation:   
Π=MRT 
M being the molarity (molar concentration, in mol/L), R is the gas constant (R = 8.314472 
J/(mol×K) or R = 8.205746 × 10-2(L×atm)/(mol×K).) and T the thermodynamic absolute 
temperature in Kelvin. Thereby the dimension of Π becomes: 
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With this equation we can find the osmotic pressure on each side of the membrane, 
and then get the total pressure on the membrane as the difference in osmotic pressure ∆Π, by 
subtracting those two pressures, if both concentrations are known. Here the concentration of 
the extra-cellular solution is higher than that of the intra-cellular solution. The cell is 
consequently in a hypertonic environment, and this leads to the flow of the intra-cellular 
water to the outside of the cells in order to establish the osmotic equilibrium.  
- The chemical activity, which determines both vapor and osmotic pressures, is 
only dependent on the temperature: the lower the temperature, the lower is chemical activity. 
This is also true for solutions at constant composition; consequently, liquid water has a higher 
vapor pressure than ice. So, the water inside of a cell, which is liquid and supercooled, has a 
high chemical activity compared to that of the water outside of the cell, which is frozen. In 
order to equilibrate this chemical activity, water will flow out of the cells in order to increase 
the concentration of intracellular solution. The increase of the cytosol’s concentration will 
then change its water’s colligative properties once again and lower its chemical activity: 
equilibrium can now be reached. Mazur (1970) described these processes using changes in the 
vapor pressure as an indicator of changes in the chemical activity of intra- and extra-cellular 
water during freezing.  
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Intracellular freezing is lethal in most cases; however, cooling might affect various 
kinds of cells differently. IIF is less likely to happen than EIF because there are no or few 
heterogeneous nucleators in the cytosol (Fowler and Toner, 2005). There are four possible 
mechanisms activating IIF, the first one suggests that (1) if cooled too rapidly, the cytoplasm 
rapidly reaches its nucleation temperature and freezes immediately forming small ice crystals 
inside the cell, (2) ice might be able to enter the cells by the membrane’s pores; or (3) when 
the cells undergo chilling injury, the membrane can be disrupted allowing the ice crystals to 
go through and penetrate the cell (Meryman, 2007). Finally (4), the extracellular ice could 
stimulate changes in the configuration of the membrane or of the intracellular water near the 
membrane, and could cause ice to form more easily in the cytosol (Fowler and Toner, 2005). 
IIF is even a more important problem when dealing with organs and tissues rather than 
suspended cells, because if IIF is present in one cell, it can trigger its formation in adjacent 
cells (Fowler and Toner, 2005). Even though intracellular freezing has been proved to be 
lethal to the cells, the exact mechanism by which it damages the cells is still unknown.  
The response of each cell type to freezing is very variable and depends on its ability to 
cope with an increase in the concentration of the extracellular solution. The larger the cell is, 
the less effect the osmotic pressure will have on it. But more importantly, the permeability of 
the membrane to water is a determining factor in the outcome of the procedure. If a membrane 
is not very permeable to water, the cell dehydration will be minor. However, mammalian 
tissue cells are among the cells having a high permeability to water. When the temperature 
drops, these mammalian cells, as well as smaller cells, are able to keep osmotic and vapor 
pressure equilibrium by losing water. These mechanisms, which are part of the colligative 
properties of the cells allows them to lower their freezing point, by increasing their cytosol’s 
concentration, at a temperature under that of their surrounding, making them supercooled (at 
temperatures as low as -5°C). And so, when the temperature reaches the eutectic point of the 
external solution (when the external solution will be concentrated to saturation) the cells are 
too dry to freeze, because most of the water present inside the cells flowed outside to maintain 
osmotic and vapor pressure equilibriums (Lovelock, 1954). 
 
Freezing injury due to solute concentration 
As the cells dehydrate while maintaining osmotic and vapor pressure equilibrium, their 
intracellular solute concentration is increasing. An excessive exposure of the cells to a 
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hyperosmotic (solution with the higher solutes concentration) extracellular environment, and 
therefore to a concentrated intracellular solution, can cause damages to their membrane, 
altering its integrity and modifying its function and permeability. One of the most common 
alteration, is the diffusion of usually non-penetrating solutes through the membrane; an 
example would be the diffusion of potassium to outside and of sodium to the inside of the 
cells (Meryman, 2007). There are two main hypotheses susceptible to explain the cell injury 
mechanism. Lovelock suggests that concentrated electrolytes (such as Na+ and K+) in 
intracellular solution are lethal to the cells since they may disrupt the membrane’s structure by 
acting on some of its constituents such as lipids or lipoproteins (Lovelock, 1954). The other 
hypothesis, proposed by Meryman, tells us that the damage to the cells’ membrane is due to 
their inability to shrink sufficiently while maintaining osmotic equilibrium (see extracellular 
ice formation) (Moussa et al., 2008). An excessive shrinkage of the cells may damage them in 
an irreversible way, as the cells are understood to have a critical minimal volume (Fowler and 
Toner, 2005).  
 
Cooling rate 
 The cooling rate is an important factor regarding the outcome of the freezing 
procedure. Indeed, cooling too slowly gives time to the water to flow outside of the cells 
(Zhao et al., 2006). Because of this dehydration, the cells’ volume decreases and therefore the 
cells shrink damaging the organelles present in their inside. And cooling too rapidly will not 
permit the water to run out of the cells, but the risk of intracellular ice formation will be 
increased since all of the cells’ content will freeze immediately (Zhao et al., 2006). IIF can 
also lead to the cells’ death during thawing (Taylor et al., 2003). 
An optimal cooling rate would be fast enough to reduce the time during which 
dehydration of the cells occur and slow enough to prevent IIF (Figure 7). 
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Figure 7: Different cryopreservation methods: freezing and vitrification, and their effects on the 
cells’ survival. The maximum cell viability percentage is obtained, as mentioned before, at an 
intermediary cooling rate: not too slow, but not too rapid either (B). A fast cooling rate induces IIF (C). A 
cooling rate too slow dehydrates the cells (A). However, using vitrification, no ice is formed: the cells keep 
their integrity and viability (D). (Taylor et al., 2003) 
 
The optimal cooling rate that would increase survival rate of the cells depends on 
water permeability of the membrane, cell surface to volume ratio, hydraulic conductivity (the 
rate of water flow through a cross section under a unit hydraulic gradient, at the prevailing 
temperature (The Free Dictionary)). Cells with higher membrane permeability to water and 
high surface to volume ratio can endure higher rates of cooling since water leaves the cells 
faster and the risks of intracellular freezing due to supercooling of intracellular fluid are 
decreased. Slow cooling is the method that has been chosen in many cryopreservation 
protocols. This choice was made following Mazur’s water transport equation (Mazur, 1970): 
 
 !
" #
$% $&⁄  
This equation combines the permeability constant of the membrane to water (it is 
assumed that only water crosses the membrane) (Lp), the area of the cell’s surface A, the 
temperature T, the ratio of intra ($%) and extra ($&) cellular vapor pressure
$% $&⁄ and some 
constants, in order to determine the volume of water still in the cell V in function of the time 
t. The longer the time (t) is, the smaller volume of water (V) will be left in the cell, and vice 
versa. 
Figure 8 shows that the most optimal cooling rate depends on the type of cells. Each 
type of cells has a specific cooling rate that allows a higher survival rate after thawing. For 
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example; marrow stem cells have to be frozen at a rate of approximately 1.6°C/min, whereas 
the red blood cells’ optimal cooling rate is extremely faster, it would be of over 3000°C/min. 
The human body is composed of many different types of cells, each of these types has a 
different optimal cooling rate, and with such extreme variation of the optimal cooling rate, we 
can assume that it is impossible to freeze a human body without any injuries, or without 
having specific types of cells not surviving the procedure. Besides, this graph shows that even 
though the cells are frozen at an optimal cooling rate, the survival rate does not exceed 70%.  
 
 
Figure 8: Percentage of survival for different types of cells (marrow stem cells, yeast, hamster 
cells and human red cells (RBC) frozen to -196°C) in function of the cooling rate (in °C/min). The optimal 
cooling rate varies according to the cell type (Mazur, 1970).  
 
An interesting feature of figure 8 is the inverted U shape of the curves; Fowler and 
Toner (2005) propose a hypothesis which could allow us to understand that behavior (figure 
9). It illustrates that the optimal cooling rate should not be too slow or too fast in order to be 
able to avoid the damages owing to those cooling rates. In figure 9, the dark blue line 
represents the survival rate for a rapid cooling, no injuries are made to the cells until the 
cooling rate is too rapid and intracellular ice starts forming (when the curve starts to go 
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down). The pink line indicates the survival rate for a slow cooling. Too slow cooling will 
damage the cells by an excessive dehydration and consequently the solute effects (when the 
curve is low); a moderated slow cooling will avoid this dehydration and increase the survival 
rate. These suggestions lead to the inverted U curve (light blue in figure 9) from which the 
optimal cooling rate can be determined (where the survival rate is the highest). 
 
 
Figure 9: Illustration of the hypothesis for the inverted U shape of the curves for optimal cooling 
rate. The dark blue line represents the damages to the cells due to rapid cooling, the purple one for the 
slow cooling damages. (Modified from Fowler and Toner, 2005) 
 
 
3.3 Processes occurring during vitrification 
 
An alternative to freezing and disadvantages related to it would be vitrification. It 
consists in the solidification of water (or water-based solution) without the formation of ice. If 
the formation of ice is avoided, then all the damages related to ice formation are avoided 
(Fowler and Toner, 2005). During vitrification, the formation of both intracellular and 
extracellular ice is avoided (Figure 7). In figure 10, the kidney at the right of the picture has 
been vitrified, it looks like glass, no ice crystals are present; the kidney at the left is frozen, 
the white colour is due to the ice crystals that have been formed during cooling. 
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a) b)  
Figure 11: Yellow molecules represent cryoprotectants, blue color represent water and the red are solutes. 
Molecules organization in warm and vitrified states. a) Solution at warm temperature. 
b) Vitrified solid state. Organization of the molecules is in the same pattern as in the warm liquid state. 
(www.alcor.org). 
 
 
In the natural state of 
liquid water, the molecules are 
disorganized (see figure 11a); 
however, the crystals formed 
during the transition from liquid 
to solid have a tendency to 
rearrange in an organized way. 
Vitrification is different in the way that there is no reorganisation of the molecules occurring 
during the transition because ice crystal formation is avoided (Wowk, 2010).  
Some liquids can avoid the growth of ice crystals even if they are cooled to 
temperatures much lower than their melting temperature; this is more likely to happen when 
the liquid is viscous and when the cooling happens rapidly. While being cooled at a sufficient 
speed to extremely low temperatures, this liquid will meet its glass transition temperature 
(Tg), at which the change from the liquid phase to solid phase occurs. Before Tg is reached, 
the temperature of the liquid first meets its homogenous ice nucleation temperature, at which 
stable ice nuclei will form. However, since the temperature drops rapidly and the viscosity 
increases with the decrease of temperature, the growth of ice nuclei will be hindered (Seki and 
Mazur, 2008). The highly viscous solution obtained then reaches its glass transition 
temperature where it turns into a glassy state with embedded ice nuclei (Karlsson, 2001).  
 
Figure 10: Frozen (left) and vitrified (right) kidney (alcor.org) 
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When in a glass, or amorphous state, a solution is still technically liquid, but is too 
cool to flow (Brockbank et al., 2003). Indeed, throughout cooling at lower and lower 
temperatures, the molecules will remain in the same disorganized way as they are when in a 
liquid state. Still, the physical properties of the ‘liquid’ are now comparable to those of a 
solid. Therefore, the molecules are held in the same pattern through the whole process (Figure 
11). The ‘solid liquid’ obtained is defined as glass (Wowk B, 2010). Permitting the 
conservation of the molecular arrangement of the natural liquid state, is a great advantage for 
vitrification in that it has the least possible disturbance of the system undergoing 
cryopreservation.  
Vitrification is not observed in animals under natural conditions (Ramløv H, 2000); 
indeed, the water present in the cells is not viscous enough to undergo the process of 
vitrification unless it is cooled at an extremely fast rate, which is almost impossible to 
perform for models larger than a single cell (Fowler and Toner, 2005). This is why some 
cryoprotective agents (CPAs) such as glycerol have to be used in order to increase the 
intracellular solution’s viscosity and ease the transition to the vitreous state. Those CPAs, 
mostly glass inducing agents, are needed in and around the cells. The cryoprotectants’ 
concentration is reciprocally correlated to the cooling rate: the faster the cooling rate, the less 
cryoprotectant is needed (Seki and Mazur, 2008). Once the glassy state is obtained, the cells 
or tissues are usually stored in liquid nitrogen at -196°C.  
There exist several ways to achieve vitrification, two of them: equilibrium and non-
equilibrium vitrification are the most commonly used. Another way, “high temperature 
vitrification” would be to almost completely dry the samples at a temperature above 0°C.  
There are two types of equilibrium vitrification, liquidus tracking and warm 
equilibration. The first method allows avoiding the supercooled state of water, see figure 12 
1). Water is still liquid and stable above the Tm line (melting temperature). Therefore this 
method aims at having the sample follow this line by adding cryoprotectants, then cooling and 
repeating until the glass transition temperature is reached. With this process, the sample will 
be free of ice and stable during the whole cooling. The second equilibrium method is the 
warm equilibrium (figure 12 1).): keeping the sample over the Tm line by using high 
concentrations of CPAs prevents it from freezing (Wowk, 2010).  
Non-equilibrium vitrification is the method used by Alcor to vitrify their patients. It 
requires less CPA than the previous techniques and consists in using the total amount of 
cryoprotectants needed for the vitrification from temperatures above 0°C, and cooling very 
rapidly without addition of anymore CPAs. The idea of this method is to cool the sample 
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extremely fast to temperatures under the glass transition (Tg), by going through the metastable 
state between the homogeneous nucleation (TH) and the melting (Tm) temperatures. Ice 
formation is avoided because the sample does not reach the homogeneous nucleation 
temperature; it remains in the metastable (supercooled) zone before reaching the glassy state 
(Wowk, 2010).  
 
Figure 12: diagrams illustrating different vitrification approaches. The arrows represent the path 
followed by a water-glycerol solution. 1) equilibrium vitrification with: (a) liquidus tracking and (b) warm 
equilibration methods; 2) non-equilibrium vitrification. (Wowk, 2010) 
 
 
3.4 Cryoprotectants 
 
Glycerol used to be the most commonly used cryoprotectant; however, it has been 
shown that its toxicity to the cells is really high. Dimethyl sulfoxide (DMSO), and its great 
ability to penetrate the cells’ membrane later replaced glycerol and was used for the 
cryopreservation of the very first patient, James Bedford. Nowadays, sugars such as trehalose 
and sucrose are broadly used for cryoprotection (Fowler and Toner, 2005).  
There are thousands of existing cryoprotectants, their role is to prevent any freezing 
injury (Fahy, 2010). They are divided into two main categories (Table 2), the penetrating, and 
non-penetrating ones (Fowler and Toner, 2005). During slow cooling, penetrating 
cryoprotectants are used to protect the cells and tissues, by replacing some of the water they 
contain, and so preventing excessive shrinkage of the cells along with decreasing the 
concentration in electrolytes, which can be lethal in high concentrations (see Chilling injury) 
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(Fowler and Toner, 2005). The replacement of water has another role during vitrification: 
increasing the viscosity in the cells, making the vitrification process easier by inducing the 
transition to the glass state (Kuleshova et al., 2007). Whereas, the non-penetrating protectants 
prevent water from flowing out of the cells by acting outside of the cells and making the 
membrane less permeable and thus preventing damage due to changes in osmotic equilibrium 
(Kuleshova et al., 2007).  
 
Table 2: Classification of cryoprotectants (Kuleshova LL et al., 2007). 
Penetrating cryoprotectants: Non-penetrating cryoprotectants: 
Low molecular weight agents 
MW< 100 Da 
Sugars: 
180<MW<594 Da 
High-molecular weight agents: 
MW>1000 Da 
Polyalcohols (PVAs)  Ficoll 
  Dextran 
Ethylene glycol (EG) Monosaccharides: Polyvinyl pyrrolidone (PVP) 
Dimethyl sulphoxide (DMSO) Fructose, glucose, Polyethylene glycol 
Propylene glycol Lactose, maltose Polyvinyl alcohol 
Glycerol  PVA-derived ice blocking agents 
  Hydroxyethyl starch 
Butandiols: 1,2/2,3-butandiol 
Disaccharides: sucrose, 
trehalose 
 
Formamide, acetamide 
Polysaccharides: 
raffinose 
 
 
Nevertheless, most of these cryoprotectants are toxic to the cells, and particularly the 
low molecular weight agents. The toxicity is the only limiting factor to the use of 
cryoprotectants, it depends on different parameters, such as the time of exposure, and 
concentration. The ideal cryoprotectant would have a high solubility in water and a low 
intrinsic toxicity (Fahy, 2010).  
A way to decrease the toxicity of cryoprotectants is to use several of them in lower 
concentrations. Also an efficient cryoprotective solution should contain at least a penetrating 
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cryoprotectant + sugar and/or polymer (Kuleshova et al., 2007). Some natural anti-freeze 
proteins can be used in addition to these cryoprotectants, their role is to inhibit ice nucleation. 
However, these proteins are expensive; but the PVA-derived ice blocking agents could 
replace them. They are capable of inhibiting the heterogeneous nucleation process, just like 
the natural anti-freeze proteins. They also have the ability to prevent the devitrification of 
other cryoprotectants such as EG during the thawing processes. 
According to Alcor’s website, since 2005, they use the cryoprotectant solution M22 
during the vitrification procedures. This same solution was used by Fahy and his colleagues 
(2004) for rabbit kidney vitrification. This solution is composed of several penetrating 
cryoprotectants together with polymers and synthetic ice blockers (Table 3). Containing 
several penetrating cryoprotectants in lower concentrations than they are usually used is an 
advantage of this solution because it lowers its toxicity. The M22 solution permitted to vitrify 
the rabbit kidneys to about -45°C, with only limited damages. The kidneys were functional 
after thawing (Fahy et al., 2004).  
Table 3: composition and properties of the solution M22 (Fahy et al., 2004). 
Component Concentration or property 
Dimethyl sulfoxide (DMSO) 2.855M (22.305% w/v) 
Formamide 2.855M (12.858% w/v) 
Ethylene glycol (EG) 2.713M (16.837% w/v) 
N-Methylformamide 0.508M (3% w/v) 
3-Methoxy,1,2-propanediol 0.377M (4% w/v) 
PVP K12 2.8% w/v (~0.0056M) 
PVAa 1% w/vb (~0.005M) 
PGLa 2% w/vb (~0.0267M) 
5 LM5c 20 ml/dl 
Total cryoprotectant concentration 9.345M (64.8% w/v) 
pH 8.0 
Nominal tonicity 1.5 times isotonic 
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Melting point ~ -54.9 C (estimated) 
Critical warming rate <1°C/min 
aPVA (“Supercool X-1000”) and PGL (“Supercool Z-1000”) are ice blockers consisting of a 
polyvinylalcohol-ployvinylacetate copolymer and polyglycerol, respectively. 
bFinal polymer concentration 
c1×LM5 contains 1mM CaCl2 and 2mM MgCl2, but these are omitted from the 5×LM5 to avoid the 
formation of precipitates. ‘‘5×LM5’’ refers to a 5-fold increase in the molar concentrations of the components of 
LM5. 
 
3.5 Thawing of frozen cells 
 
During the process of freezing of the cells, ice forms in the extracellular environment 
of the cells; also, small ice crystals can enter the cells through the membrane’s pores (see Ice 
crystal formation in the extra- and intra-cellular solutions of the cells). It is possible that ice 
nuclei form inside the cells during freezing. Intracellular devitrification is likely to happen 
during warming of the cells which contain ice nuclei. At slow warming rate, the ice nuclei 
have time to grow into an ice crystal (Karlsson, 2001). Also, during thawing at low warming 
rates, recrystallization can occur: the ice crystals that entered the cells during the freezing 
process will have time to grow and eventually reach a lethal size that can damage the cells 
(Karlsson, 2001). Therefore, a rapid warming rate (faster than the cooling rate) would avoid 
both of these mechanisms.  
Dehydration of the cells is another event susceptible to happen during warming. The 
cells already undergo dehydration during the cooling procedure, but the cells do not shrink as 
the cryoprotectant replaces the water in the cytosol. During the freezing and warming cycle, 
hysteresis is observed in state of the intracellular solution. Hysteresis is the property of a 
system to remain in a state even when the event that caused this change of state is over. In our 
case, the cells continue to dehydrate during warming, and therefore more and more 
cryoprotectant enters the cytosol. Rehydration of the cells is only observed when intra and 
extracellular environments reach thermodynamic equilibrium (same temperature, pressure and 
chemical potential) (Karlsson, 2001). However, if the warming rate is too fast the 
cryoprotectant accumulated inside the cells do not have time to flow out; this added to the 
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water flowing in as a result of rehydration can cause the cells to swell. And because the cells 
are more permeable to water than to the cryoprotectants, for a given time, there will be more 
water entering the cell than cryoprotectant leaving it, leading the cell to swell even more. 
Moreover, the increase in concentration of electrolytes of the intracellular solution, 
due to the membrane disruption during freezing procedures (see Freezing injury due to solute 
concentration) makes the cell overfilled with cations which will attract water molecules 
during thawing and produce an osmotic shock (by a sudden flow of water into the cell) 
(Mazur, 1970).  
 
3.6 Thawing of vitrified cells 
 
Even though intra- and extra-cellular ice formations are avoided during vitrification, 
they can still occur during warming of the cells or tissues. The thawing with avoidance of 
crystallization process is more challenging than vitrification. Three major phenomena are 
likely to occur during warming of a vitrified tissue, they happen when water is transformed 
from one state to another, see on figure 13 (however, in this figure, the temperatures given are 
the ones for pure water; in practice, cryoprotectants are added during vitrification, and 
therefore the temperatures at which those events actually happen are different). First, when 
warmed up to temperatures above Tg (glass formation temperature), (1) water changes to an 
ultra-viscous state. Another occurrence, (2) devitrification, happens when the temperature 
rises to TX (crystallization temperature). At that point, water goes from the ultra-viscous state 
to a crystalline ice state with formation of new ice nuclei. Lastly, the water (3) recrystallizes: 
small ice crystals present from the last transition grow and form larger crystals (Seki and 
Mazur, 2008). Recrystallization is observable by the appearance of opacity of the tissues that 
were previously in a clear glassy state. All of those mechanisms are linked and the result can 
be lethal to the cells; they cause the growth of ice crystals inside the cells, leading to IIF. 
Also, there is a risk of swelling of the cells, due to their rehydration, water permeates faster 
than the cryoprotectants; therefore, there will be more solution (water) entering than leaving 
(cryoprotectants) the cells. The survival of the cells upon thawing is highly dependent on the 
damages that took place during the cooling and warming processes, as well as on the 
cryoprotectant concentration the cells were subjected to (Karlsson, 2001). Finding the right 
warming rate that would not allow any of these processes to occur is not an easy task. A 
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Figure 13: Different states of pure water at 
atmospheric pressure (1 atm) in function of the 
temperature. Water is stable only between 0°C and 
100°C, in the other stages, it is metastable. In the 
“no man’s land”, no experiments can be 
implemented on the liquid phase; in this region 
crystallization is happening too fast to be studied. 
(Modified from Mishima and Stanley, 1998) 
 
 
 
sufficiently rapid warming rate allows the 
avoidance of IIF during both devitrification 
(new ice nuclei formation) and 
recrystallization (growth of ice crystals from 
the nuclei produced previously) of the glass 
built up inside the cells during cooling (Seki 
and Mazur, 2008). The presence of fractures 
that could have appeared during the 
vitrification can trigger devitrification (see 
Processes occurring during freezing) (Taylor et 
al., 2003). Mazur and Seki suggest that when 
the intracellular ice starts melting, then the 
recrystallization stops. The temperature at 
which intracellular ice starts melting can be 
decreased using cryoprotectants. They also 
propose that when this temperature where the 
ice begins to melt inside the cells is decreased, 
the rate at which recrystallization occurs is 
also decreased. As a result the warming rate 
can be decreased.  
At extremely low temperatures, the 
vitrified tissue is in a state where ice nuclei are 
surrounded by water in a glassy state. 
Therefore, the warming should occur rapidly, 
usually faster than the cooling rate, so that the 
temperature is higher than TH (homogenous 
nucleation temperature) and that the ice nuclei 
already present will not have time to form ice 
crystals. However, warming should not happen 
too fast to prevent swelling of the cells due to 
rehydration.  
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4. Applications of cryobiology 
 
Cryobiology is the study of living matter at low temperatures. It differs from cryonics 
in that it is actually practicable. Cryobiology groups several aspects of science; low 
temperatures and its effects are of interest for many areas of science, mainly in a biology-
oriented way, but also in physical and chemical ways (Table 4). Some of these subjects are 
described in this part.  
Table 4: Subjects where the study of low temperatures and its effects are of interest (Mazur, 1970) 
Subject Area of interest 
General Preservation of cells, tissues, virus and organelles 
Electron microscopy and 
histochemistry 
Freeze-cleaving and freeze substitution 
Scanning microscopy 
Biochemistry and molecular biology 
Disruption of cells 
Preservation and inactivation of enzymes 
Trapping of unstable intermediates 
Acceleration of reactions 
Protein conformation and denaturation 
Biophysics, photobiology, 
photochemistry, radiation biology, 
photosynthesis, x-ray diffraction 
Separating excitation and ionization phenomena 
from thermal phenomena; reduction of thermal 
motion 
Electronic phenomena in photosynthesis 
Mechanism of ultraviolet action 
Absorption spectra 
Cell physiology 
Cell membranes and permeability: osmotic forces; 
cell water 
Ecology and environmental 
physiology, plant physiology, 
agriculture 
Frost injury and frost hardiness 
Ecology and physiology of arctic and subarctic flora 
and fauna 
Water movement in plants 
Space sciences Exobiology and planetary quarantine 
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Food sciences 
Preservation of food 
Microbial contamination 
Cryosurgery 
Destruction of diseased tissue; formation of scar 
tissue 
 
 
4.1 Freezing tolerance in nature 
 
Cryobiology includes the studies of freeze tolerance in nature. The principles by 
which some animals adapted to survive cooling and freezing can be used to evaluate the 
possibility of preserving human body at low temperatures. These adaptations may be a helpful 
tool in developing mechanisms of cryopreservation and cryoprotective substances for human 
tissues and organs.  
In nature, when the temperature of an organism is below usual temperature of activity, 
the animal is in a so called stupor state. In this state, the animal becomes sluggish and 
eventually stops moving when the chill coma state is reached. Only cold adapted animals 
survive this state for longer periods of time (Ramløv H, 2000). To survive longer periods of 
time at low temperatures, cold tolerant animals (ectotherms or cold-blooded animals) employ 
two kinds of strategies (Ramløv H, 2000):  
− Freeze tolerant animals – survive ice formation in the tissues; 
− Freeze avoiding animals – tolerate low temperatures without crystallizing their body 
fluids 
 
Adaptations 
Adaptations to temperatures below the body fluid melting point developed by 
ectothermic animals are given in table 5:  
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Table 5: Adaptations to temperatures below melting point of the body fluids (Ramløv H, 2000) 
Freezing avoidance        Freeze tolerance 
Supercooling point = lower lethal 
temperature 
 
Supercooling point ≠ lower lethal 
temperature 
 
Ice formation is lethal 
Survival of extracellular ice 
 
High supercooling capacity 
 
Poor supercooling capacity 
 
Polyols function as antifreeze (may also 
stabilize membranes and proteins) 
 
Polyols function as colligative and non-
colligative cryoprotectants 
 
– Ice-nucleating agents 
 
+ Ice-nucleating agents 
 
Antifreeze proteins often present 
Antifreeze proteins intracellular and inhibit 
recrystallization inhibition 
 
One of the most important mechanisms in ectothermic animals that allows adaptation 
to low temperatures is the ice formation control, which is a complete avoidance of ice 
formation (and inoculation) or control of the site of ice formation, temperature of 
crystallization, the amount of ice formed and recrystallization control (recrystallization – 
formation of bigger ice crystal from smaller ones). To remove nucleating agents during the 
cold periods, some freeze-avoiding animals stop eating and empty their gut in autumn in this 
way increasing their SCC (supercooling capacity) (Ramløv H, 2000).  
To control ice formation, ectotherms synthesize various protective substances (see 
Figure 14). Antifreeze substances were first described by Ramsay in 1964. To be effective in 
ice formation control these substances need to have specific properties (Ramløv H, 2000):  
− Be easily synthesized;  
− Have high solubility in aqueous solution;  
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− Be non-toxic and non-reactive with other macromolecules even in high 
concentrations;  
− Be compatible solutes;  
− Have to counteract protein denaturation due to cold, dehydration and high ionic 
concentrations. 
 
 
Figure 14: Adaptations of ice formation control (Ramløv H, 2000) 
 
Low molecular weight substances found in large concentrations in cold-adapted 
ectotherms: polyols, sugar alcohols, (most commonly glycerol), sugars (trehalose, glucose) 
and free amino acids (proline). These substances are highly abundant in the cells and therefore 
can lower the rate of ice formation and its amount. 
 Proteinaceous substances that control ice formation are INA (ice nucleating agents) 
and antifreeze proteins.  
 CONTROL OF ICE FORMATION 
Low molecular weight cryoprotective 
substances:  
• Polyols  
(e.g. Glycerol, Ethylene glycol, 
Sorbitol) 
 
 
• Sugars  
(e.g. Glucose, Trehalose) 
 
 
• Free amino acids  
(e.g. Proline) 
 
 
COLLIGATIVE CONTROL OF: 
Melting point 
Rate of ice formation 
Ice fraction size 
Supercooling point 
Proteinaceous cryoprotective substances:  
• Ice nucleating proteins 
Synthesized or ingested 
 
 Proteins/lipoproteins 
 77 kDa – 800 kDa 
 
CONTROL OF:  
 Supercooling point 
 
• Antifreeze proteins  
Proteins/glycoproteins 
3.2kDa – 32 kDa 
 
 
CONTROL OF: 
Ice growth and 
recrystallization 
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INA work by causing ice formation via heterogeneous nucleation at relatively high 
temperatures (below melting point of intracellular fluids). INAs probably provide template for 
embryonic ice crystal formation and growth, and therefore ensure freezing of supercooled 
liquid (Ramløv H, 2000). 
Antifreeze proteins – found in polar fishes and invertebrates inhabiting areas exposed 
to cold temperatures. They prevent freezing by recognizing embryonic ice crystals before they 
grow into larger crystals thus stabilizing metastable supercooled state. Antifreeze proteins 
interact with specific crystal planes on ice crystals and inhibit recrystallization. Several types 
of fish antifreeze proteins were found and described. However antifreeze proteins are not 
restricted to marine organisms and are found not only in freeze avoiding but also in freeze 
tolerant animals (Ramløv H, 2000).  
 
4.2 Cryopreservation of cells, gametes, bacteria, embryos and tissues 
 
Prior to the idea of the preservation of the whole human body, in cryobiology one of 
the first applications of preserving living matter at low temperatures was the cryopreservation 
of the cells. The idea of preserving human sperm was first proposed by the Italian military 
physician P.Mantegazze in 1866 (Fuller BJ et al, 2004). One of the first applications in 
cryopreservation of specific cells was carried out on the sperm of various domestic animals 
(e.g. cattle, sheep, goats, horses, pigs) for the artificial insemination and the facilitation of the 
breeding. An important part in development of cryopreservation of gametes and embryos was 
played by the progress of embryology and reproductive biology. Cryopreservation techniques 
were developed after a British biologist Christopher Polge discovered that glycerol can 
protect bull spermatozoa against freezing damage in 1949. In the 1970s, cryopreservation of 
domestic animal embryos was developed as a mean to preserve genetically valuable 
individuals (Fuller BJ et al, 2004).  
Another widely used application of cryobiology is cryopreservation of specific cell 
lines for research purposes, to conserve the desired properties and prevent contamination by 
serial splitting. Nowadays, cell cryobiology is also used for preservation of blood cells (e.g. 
red blood cells, thrombocytes, lymphocytes, monocytes, hematopoietic progenitor cells) in 
medicine for research purposes (Fuller BJ et al, 2004).  In turn, the development of the 
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techniques for cryopreservation of the cells, especially the mammalian gametes and embryos, 
lead to significant progress in the field of clinically assisted human reproduction.  
 
4.3 Organ preservation 
 
Organ preservation is an important aspect of cryobiology; it is the subject of many 
researches. An ideal preservation method would allow long term storage of the organ without 
any damages, and a high percentage of cell survival. There are today more patients waiting for 
organ transplantation than organs available. In average, for a kidney transplant the waiting 
time is of about 3 years, and 18 months for a heart (Mukherjee S, 2010). Being able to store 
organs for a long period would be a considerable advance in medicine and would allow the 
creation of organ banks.  
The simplest method for organ preservation is called hypothermic preservation. This 
technique consists in keeping the organs in a cold environment with the help of ice-filled 
bags, and machines pumping perfusion liquid at 0°C to 4°C into the organ and keeping its 
metabolism (e.g.ion-pump activity, synthesis of ATP etc) running, by delivering oxygen and 
substrates (Mukherjee S, 2010). However this method only allows keeping the organ viable 
for up to 72h for a canine kidney (Leuvenink et al., 2009) and for human organs, a maximum 
time of 5 hours for the heart, up to 50 hours for kidneys, and 12 to 15 hours for pancreas and 
liver (Mukherjee S, 2010).  
 Cooling down the organ in order to slow down its metabolism and therefore 
preventing its degeneration due to a lack of oxygen delivery to the cells. Freezing or 
vitrification of the organ has to occur immediately after death of the donor. In organ 
transplantation, there are two important phases regarding the temperature, the warm ischemic 
phase, and the cold ischemic phase. Ischemia is a restrained blood supply to an organ. The 
warm ischemic phase is the time during which the organ remains at body temperature, from 
the stop of the blood flow through the organ until it is cooled down. And the cold ischemia 
time is defined by the duration of the time between the moment the organ is cooled down 
until it is back to physiological temperature during transplantation.  
 During the warm ischemia time, the organ can be damaged, and therefore; the time it 
takes for the organ to regain its normal function after transplantation can be extended or the 
organ could also never recover. For this reason, this phase has to be as short as possible; this 
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is why between the removal and the transplantation in the receiving body, the organ has to be 
preserved at low temperature. 
 Before freezing or vitrification can be performed, the blood in the organs has to be 
flushed out with cryoprotectants. During both of these processes, the organ is first cooled 
down and perfused with cryoprotectants at low temperature (4°C). 
 Then, for the freezing procedure, the organ is placed in a cryocontainer. This container 
in which the organ is placed will be cooled in a freezer at around -70°C. Lastly, the 
cryocontainer is moved to another freezer which temperature is close to -150°C (Dittrich et al, 
2010). However, freezing is associated with ice crystals formation, and damages made to the 
cells causing fractures to occur, separating cells from each other and disrupting their 
membranes, causing the organ to break into pieces. Another difficulty related to freezing 
resides in freezing every single cell of an organ; an organ being made of different cell type, 
and each type having specific freezing requirements for a better preservation of its functions 
(Mukherjee S, 2010).  
 The other option, vitrification, seems to be the most promising method for 
cryopreservation of organs. It consists in converting the liquids present in the organ into a 
glass state at very low temperature (see Processes occurring during vitrification), avoiding ice 
formation (Fahy et al., 2009). After flushing and replacing the blood with cryoprotectants, the 
organ can be cooled down in liquid nitrogen at -196°C. 
 
4.4 Isochoric preservation 
 
Isochoric sub-cooling, which is a novel preservation method in cryobiology, requiring 
less cryoprotectant than regular cryopreservation, is currently being experimented with 
(Preciado, Rubinsky, 2010). This technique is based on the thermodynamics of the water 
phase diagram (figure 17), and aims at the freezing of organs, tissues or cell suspensions. An 
isochoric process is a constant volume process; therefore it takes place in a sealed container 
(isochoric chamber, figure 15); here the isochoric process is opposed to the isobaric process 
that is currently used for cryopreservation. Isobaric means constant pressure; indeed the 
cryogenic procedures are conveniently taking place at a constant pressure of 1 atm (0.101325 
MPa), which is the natural pressure of our environment.  
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Isochoric preservation consists of using a constant volume and high pressures so the 
ice formation is avoided (Rubinsky et al., 2005). Figure 17.a presents the solid-liquid diagram 
of water and the effects of pressure on the phase changes (from liquid to solid). High 
pressures lower the freezing point of water and therefore the melting point of ice. And it is 
this property that is used in isochoric preservation.  
The idea of isochoric preservation is to enclose the biological matter (cells, tissue, 
organ) as well as an ice crystal in a sealed container called a pressure vessel (figure 15) 
containing a fluid. The isochoric chamber is placed in a bath at constant temperature. The 
system is therefore in a thermal equilibrium. The chamber is hermetically sealed so that the 
volume is constant. Once the biological matter is introduced in the chamber, it is placed in the 
bath, and the temperature of the system decreases. The temperature of the bath is set to the 
phase transition temperature of the liquid in the chamber. At this temperature, the ice crystal 
placed in the chamber will trigger nucleation, and consequently, ice will form around the ice 
crystal. This crystal has to be placed strategically: far from the biological matter, so the ice 
formed around will not reach it (Rubinsky et al., 2005). This process is summarized in figure 
16. The temperature has to be kept constant so that equilibrium is reached: the ice formed 
does not grow too much. 
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Figure 16: Freezing using the isochoric process (read from left to right). The process takes place in the 
pressure vessel of an isochoric chamber. The biological matter can be a tissue, cells, or an organ, the 
chamber is filled with fluid (and later some ice), and an ice crystal is introduced in order to trigger a 
nucleation site (Preciado, Rubinsky, 2010). 
The point of this procedure is that the nucleation site present at the bottom of the 
vessel (in figure 16) will inhibit the formation of ice in the biological body by inducing ice 
formation around itself. As a result all the ice will form at this site, and none will form in or 
near the biological matter.  
During the procedure, the ice formed should be the ice I type (the pressure still being 
low, figure 17.b), and since the volume of ice I is greater than that of water, the pressure in 
the chamber will increase (Szobota and Rubinsky, 2006); if another type of ice forms, 
freezing will not be avoided, because only ice I expands upon freezing. However, the system 
should decrease the pressure from time to time so that its progression follows the blue line on 
figure 17.b. When the temperature of the system reaches the one from the bath, which is the 
phase transition temperature of the liquid in the system, then the system will reach 
equilibrium, and no more ice will be formed. If the liquid were to be water, the equilibrium 
would be reached at a temperature as low as -22°C and at a pressure of 207.5 MPa, see figure 
17 (Kalichevsky et al., 1995).  
Szobota and Rubinsky showed that when an idealized system is cooled until about -
109°C, nucleation is not observed because of the effects of pressure; this temperature would 
be somewhat higher in a regular biological system. Therefore, using an isochoric system 
could be advantageous for vitrification purposes.  
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Figure 17: Solid-liquid phase diagrams of pure water. (modified from Kalichevsky et al., 1995) 
a) The numbers from I to IX represent the different ice phases.  
b) Region of interest in detail. The blue line shows the evolution of the state of the system, starting from 
0°C at a pressure of 0 MPa. This line actually symbolizes the phase transition of water from liquid to 
solid.  
 
5. Procedures in cryonics 
 
Companies offering their services in cryopreservation follow strict procedures for 
preparation of the patients’ body for cryonization. Some of the companies offer a “standby” 
service, when the personnel from a cryopreservation company is nearby the patient on a 24-
hour basis, if the condition of the patient is critical. Procedures start immediately after the 
heart of the patient stops beating and legal death has been pronounced by independent 
medical personnel. However they do not take place in a hospital if its’ administration does not 
approve, and the patient has to be moved to an alternative location. The primary aim at this 
stage is to prevent severe damage to the brain due to stopped blood flow, therefore at first, 
patient’s breathing and blood circulation are artificially restored by using heart-lung 
resuscitators (see figure 18) to perform cardiopulmonary support (CPS) while the patient is 
placed in an ice bath or covered with ice bags to cool down his body. (Alcor Life Extension 
Foundation) 
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Then the following protective medications are administered into the blood flow of the 
patient to maintain the blood pressure and avoid reperfusion injury of the brain (Alcor Life 
Extension Foundation):  
− Free radical inhibitors 
− NOS (nitric oxide synthase) inhibitors  
− PARP (Poly ADP-ribose polymerase) inhibitors  
− Excitotoxicity inhibitors  
− Anticoagulants  
− Pressors  
− pH buffers  
− Anesthetic 
Later the femoral arteries and veins are surgically accessed so that the blood can be 
circulated through a portable heart-lung apparatus (see figure 19). This device reduces the 
temperature of the patient’s blood to a temperature a little above 0°C and gradually replaces it 
with the organ cryoprotective solution. After this stage, the patient’s body is transported to 
cryonic facility, where further procedures are carried out. (Alcor Life Extension Foundation) 
 
Figure 18: LUCAS - cardiopulmonary support device (left), cardiopump (right) (Alcor Life 
Extension Foundation) 
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Figure 19: Alcor’s Air Transportable Perfusion kit (ATP) (Alcor Life Extension Foundation) 
 
At the facility of the cryonization company, major blood vessels like the aorta arch are 
surgically accessed and connected to the perfusion circuit. Then the base perfusate is 
circulated for several minutes at around 0°C, to wash out the remaining blood. At the next 
stage, the cryoprotectant concentration in the system is linearly increased to half of the final 
concentration in 2 hours, to allow cryoprotectant concentration to equilibrate inside and 
outside the cells. Rapid increase to the final concentration is made afterwards, until the 
outflow concentration of cryoprotectants in the veins equals target concentration, while the 
condition of the brain is monitored visually through two small holes in the skull. (Alcor Life 
Extension Foundation) 
After perfusion with cryoprotectants, the patients’ body is cooled to -125°C as rapidly 
as possible. This approximately takes 3 hours. After rapid cooling phase, the patient’s body is 
vitrified and is further cooled to -196°C over a 2 weeks period. The containers with the bodies 
are placed in a vacuum-insulated dewars (see figure 20) for a long term care. (Alcor Life 
Extension Foundation) 
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Figure 20: Vacuum-insulated dewars filled with liquid nitrogen. (Alcor Life Extension Foundation) 
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6. Ethics 
 
As a questionable technology, cryonics raises discussions not only about the scientific 
feasibility but also about human values concerned.  
First of all, the choice to preserve one’s body after death can be seen as a form of 
selfishness. Cryopreservation requires sufficient sums of money to be paid as a membership 
fees to the companies, instead of being given to the family or spent on a more realistic 
benefits at the present time for the people in need. By choosing to preserve their body, people 
also reject such a manifestation of altruism as organ donation to save other people’s lives. 
However, as proponents of cryonics state, the patients who choose the cryopreservation of 
only their brain may still donate their organs for transplantation. But generally, as supporters 
of cryonics imply, a choice to preserve the whole body cannot be viewed as selfishness and is 
merely one’s choice not to be altruistic (Shaw D, 2009). Moreover as humans’ life is the most 
precious value, cryonics as a mean of saving and preserving it is justified (Alcor Life 
Extension Foundation). The later justifies the contradiction with the present moral and 
religious concepts.  
In the case that cryonics practice is proven to be effective, it cannot be guaranteed that 
future society will consider it to be ethical to revive the people from the past, since ethical 
values may change over time. Successful revival after cryopreservation would then alter the 
“meaning of death” in both religious and moral understanding, since at present death is seen 
as a process that has to be accepted as a will of God and/or a natural stage of one’s existence. 
The supporters of cryonics do not consider cryonauts to be dead, the cryopreservation is 
considered to be temporary suspension of one’s life (Alcor Life Extension Foundation). 
Moreover cryonics is compared to a medical treatment and therefore cannot be considered to 
go against the will of God as saving human life is more important (Alcor Life Extension 
Foundation).  
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7. Discussion 
 
Cryonics is a controversial subject in both a social and a scientific context. It is the 
source of conflicts between scientists as well as between husbands and wives, when one does 
not approve or understand the choice of the other to be cryonised.  
If cryonics is to be proven to actually work sometime in the future, then the definition 
of “dead” for the patient’s changes, they cannot be considered as dead since they will be 
revived. Therefore these people should not get money from their life insurances and most of 
the people who could afford cryopreservation only by using this money will not be able to pay 
for it anymore.  
If popularity of cryonics practice in the society will further grow, in the future, this 
may turn cryonics into a way to escape ones difficulties in life by choosing to temporarily 
stop it by cryopreservation, as is portrayed in Cameron Crowes film “Vanilla sky”.  
There is also the question of the “post-awakening” life of the patients. They will not 
have any money, home, family, friends and job. Moreover, the adaptation in the new society 
might be an impossible task, since cryonics patients during their suspension will miss a great 
part of development of the humankind. About the future life of the patients, the cryobiologist 
John Baust, said: 
"The individual who freezes himself or herself to come back in the future makes the assumption 
he will be a contributor to that society and that they would want him." 
"Frozen in Time," Miami Herald, Sept. 17, 2002. (Alcor.org) 
Also, by signing the UAGA the patients’ bodies become property of the companies; 
however, in the future (if they are revived) the patients will not have any guarantee that the 
companies will not use their bodies for further scientific research.  
Besides the ethical problems, cryonics has some major biological issues that would 
serve as a proof of ineffectiveness of such technology.  
The process of preparing human body for cryopreservation is based on introduction of 
cryoprotective substances that normally do not exist in human body and therefore can have a 
toxic effect on the organism of the patient. Even though cryonics aims to stop the decay of the 
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human body by gradually lowering temperature of the body to -196°C, the damaging 
processes still take place, for example reperfusion injury due to restored blood flow. These 
facts show that it is impossible to preserve human body without changes in the structure on 
the molecular level, which cryopreservation companies state as their goal. Furthermore, the 
companies have been modifying their protocols and have been using different cryoprotectant 
solutions as more efficient methods are established by scientists. Many of the first cryonised 
patients probably have underwent too many injuries due to the inadequate methods used in the 
past, to be revived. And nevertheless, even the techniques used currently have never been 
proven to be successful on human bodies.  
Unlike humans, freeze tolerant animals have developed adaptations on the cellular 
level in the process of evolution and therefore it is unreasonable to assume that such features 
of the cells can be achieved by only introducing cryoprotectants after death. Another 
interesting point concerning those freeze tolerant animals is their size; indeed, the largest 
animal able to tolerate freezing is much smaller than a human body. This leads us to think that 
maybe a whole human body is not meant to be frozen.  
Another matter would be to find a way to revive dead people, because even if it 
becomes possible in the future to preserve human bodies at low temperatures and to thaw 
them without inducing any (or only few) damages, the patient would still need to be revived: 
have its heartbeat and blood flow restored as well as its brain function. 
And even though the preservation of cells suspensions, small organs and tissue by 
vitrification has been made possible after decades of researches, the practice of cryonics 
cannot be applied to an entire human body yet. As Fahy has shown in his research, each type 
of cells has an optimal cooling rate, and that the variations between those cooling rates from 
cell type to cell type are great.  Knowing that the human body is composed of several hundred 
types of cell, its vitrification with a high survival rate of each of the cell type would be a 
nearly impossible task. Besides, even if that was achievable, since it is very unlikely that 
100% of the cells survive, there is a high probability that the most important organs such as 
brain might be damaged to the extent that even the newly developed technologies would not 
be able to repair.  
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8. Conclusion and perspectives 
 
 Based on our readings, and on the information we present in this report, we conclude 
that cryopreservation of human bodies is highly unlikely to be achievable in a near future. 
Preserving a human body at very low temperature without inducing any damages during both 
the cooling and thawing procedures is impossible today. The development of such a protocol 
applicable at the human body scale seems really improbable, if ever possible. There are still 
many obstacles that need to be overcome:  
• The size of a human body is much greater than that of single organs and of the 
freeze tolerant animals; 
• Humans, unlike the freeze tolerant animals and plants are not adapted evolutionary 
to tolerate such low temperatures and its effects; 
• The cryoprotective agents used to protect the body from the low temperature 
effects are often toxic to the cells; 
• Avoiding the damages occurring between the patient’s death and their vitrification 
(e.g. reperfusion); 
• The cooling rate is unique to each cell type, and the human body is composed of 
hundreds of different cell types; 
• The cooling of a large body can induce fractures and compression due to shrinkage 
during cooling; 
• Finding an optimal thawing rate that would allow to avoid devitrification due to 
the fractures, recrystallization due to the ice nuclei establishing during vitrification 
as well as preventing the swelling of the cells due to rehydration;  
• A 100% survival rate after thawing is almost impossible to obtain, therefore the 
vital organs and the brain can be severely affected by the procedure; 
• Finding a procedure to restore the functions that would revive a person (e.g. heart-
beat and blood flow, brain activity, signal transduction in the nervous system). 
 
However, if improvements are made to the current cryopreservation techniques, it will 
possibly be used to preserve smaller entities without any damages. Being able to maintain 
vital organs (such as liver, lungs, heart, kidneys, skin, and bone marrow) in good conditions 
for extended periods would be remarkable advances in medicine, allowing the creation of 
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organ banks, and therefore reducing the waiting time for organ transplantation: for example if 
an organ is available in a city where no patients are awaiting for this specific organ, long term 
storage could permit to preserve it for a time long enough to transport it to another city where 
a patient could need it, or to keep it viable in an organ bank until it can be transplanted to a 
patient.  
Also the possibility of preserving some specimens of endangered species (animals as 
well as plants) to temperatures that would permit long term storages is an interesting 
perspective for protecting the biodiversity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3rd semester project, Fall 2010   E.Martinenaite, J.Tavenier 
50 
 
9. References 
 
- Brockbank K.G.M., Walsh J.R., Song Y.C., Taylor M.J. Vitrification: Preservation of 
cellular Implants. Topics in Tissue Engineering, 2003;4;1-26 . 
- Dittrich R, Beckmann MW, Mueller A, Binder H, Hoffmann I, Maltaris T, Uterus 
Cryopreservation: Maintenance of Uterine Contractility by the Use of Different 
Cryoprotocols. Reproduction in domestic animals, 2010; 45; 86-91. 
- Fahy G, Cryoprotectant toxicity neutralization. Cryobiology, 2010; 60; 45-53. 
- Fahy GM, Wowk B, Pagotan R, Chang A, Phan J, Thomson B, Phan L, Physical and 
biological aspects of renal vitrification. Organogenesis 2009, 5:3, 167-175 
- Fahy GM, Wowk B, Wu J, Phan J, Rasch C, Chang A, Zendejas E, Cryopreservation 
of organs by vitrification: perspectives and recent advances. Cryobiology, 2004; 48; 
157-178. 
- Fowler A, Toner M, Cryo-injury and biopreservation. Annals of the New-York 
academy of sciences, 2005; 1066, 119-135. 
- Fuller BJ, Lane N, Benson EE, Life in the frozen state. 2004; Chapters 1,2,11, 12, 18, 
19. 
- Ghetler Y, Yavin S, Shalgi R, Arav A, The effect of chilling on membrane lipid phase 
transition in human oocytes and zygotes. Human reproduction, 2005; 20; 3385-3389. 
- Kalichevsky MT, Knorr D, Lillford PJ, Potential food applications of high pressure 
effects on ice-water transitions. Trends in food science and technology, 1995; 6; 253-
259. 
- Karlsson JOM, A theoretical model of intracellular devitrification. Criobiology, 2001; 
42; 154-169. 
- Karlsson JOM, Cravalho EG, Toner M, A model of diffusion-limited ice growth 
inside biological cells during freezing. Journal of applied physics, 1994; 75; 4442-
4455. 
- Kuleshova LL, Gouk SS, HutmacherDW, Vitrification as a prospect for 
cryopreservation of tissue-engineered constructs. Biomaterials, 2007; 28; 1585-1596. 
- Leuvenink GD Henri, Ploeg J Rutger, Organ preservation solutions: Clinical and 
pharmaceutical aspects. 2009;15;47-49. 
- Lovelock J, Biophysical aspects of the freezing and thawing of living cells. 
Proceedings of the Royal Society of Medicine, 1954;47;60-62. 
3rd semester project, Fall 2010   E.Martinenaite, J.Tavenier 
51 
 
- Mazur P, Cryobiology: The freezing of biological systems. Science, 1970; 168; 939-
949. 
- Meryman HT, Cryopreservation of living cells: principles and practice. Transfusion, 
2007; 47; 935-945. 
- Mishima O, Stanley HE, The relationship between liquid, supercooled and glassy 
water. Nature, 1998; 396; 329-335. 
- Moussa M, Dumont F, Perrier-Cornet JM, Gervais P, Cell Inactivation and Membrane 
Damage After Long-Term Treatments at Sub-Zero Temperature in the Supercooled 
and Frozen States. Biotechnology and bioengineering, 2008; 101; 1245-1255. 
- Preciado JA, Rubinsky B, Isochoric preservation: A novel characterization method. 
Cryobiology, 2010; 60; 23-29. 
- Ramløv H, Aspects of natural cold tolerance in ectothermic animals. Human 
reproduction, 2010, 15; 26-46.  
- Romain T, Extreme Life Extension: Investing in Cryonics for the Long, Long Term. 
Medical Anthropology, 2010; 29; 194-215. 
- Rubinsky B, Perez PA, Carlson ME, The thermodynamic principles of isochoric 
cryopreservation. Cryobiology, 2005; 50; 121-138. 
- Seki S, Mazur P, Effect of warming rate on the survival of vitrified mouse oocytes and 
on the recrystallization of intracellular ice. Biology of reproduction, 2008; 79; 727-
737. 
- Shoffstall, Freeze, Wait, Reanimate: Cryonic suspension and science fiction. Bulletin 
of Science, Technology and Society, 2010; 30; 285-297. 
- Szobota SA, Rubinsky B, Analysis of isochoric subcooling. Cryobiology, 2006; 53; 
139-142. 
- Taylor MJ, Song YC, Brockbank KGM. Vitrification in tissue preservation: New 
developments. Life in the frozen state. London: Taylor and Francis Books; 2003;1-40. 
- Tablin F, WolkersWF, Walker NJ, Oliver AE, Tsvetkova NM, Gousset K, Crowe LM, 
Crowe JH, Membrane reorganization during chilling: Implications for long-term 
stabilization of platelets. Cryobiology, 2001; 43; 114-123. 
- Uemura M, Tominaga Y, Nakagawara C, Shigematsu S, Minami A, Kawamura Y, 
Responses of the plasma membrane to low temperatures. Physiologiaplantarum, 2006; 
126; 81-89. 
3rd semester project, Fall 2010   E.Martinenaite, J.Tavenier 
52 
 
- Van der Ham F, WitkampGJ, de Graauw J, Van Rosmalen GM, Eutectic freeze 
crystallization simultaneous formation and separation of two solid phases. Journal of 
crystal growth, 1999; 198; 744-748. 
- Wowk B, Thermodynamics aspects of vitrification. Cryobiology, 2010; 60; 11-22. 
- Zhao G, LuoDW, GaoDY, Universal model for intracellular ice formation and its 
growth. Aiche journal, 2006; 52; 2596-2606. 
 
Web references 
- Alcor Life Extension Foundation. www.alcor.org (on the web: 03-10-2010) 
- Cryonics Institute. www.cryonics.org (on the web 20-10-2019) 
- Dictionary.com (on the web 01-12-2010). 
- KrioRus. www.kriorus.ru (on the web: 20-10-2010) 
- Mukherjee S., Organ Preservation, 2010. 
http://emedicine.medscape.com/article/431140-overview (on the web: 03-10-2010) 
- Patrick van der Wel, University of Pittsburgh, Department of Structural Biology, 
http://www.structbio.pitt.edu/webusers/pvdwel/?page_id=7 (on the web 04-12-2010). 
- The Free Dictionary 
http://encyclopedia2.thefreedictionary.com/permeability+coefficient (on the web: 21-
12-2010) 
- www.venturist.info/services.html (on the web: 07-11-2010) 
 
  
3rd semester project, Fall 2010   E.Martinenaite, J.Tavenier 
53 
 
10. Abbreviations 
 
- A : area of the cell’s surface 
- ACS : American Cryonics Society 
- Atm : atmosphere (pressure dimension) 
- CI : Cryonics Institute 
- CPAs: cryoprotective agents 
- CPS : cardiopulmonary support 
- CSC : Cryonics Society of California 
- DCI: direct chilling injury 
- DMSO :dimethylsulfoxide 
- EG : ethylene glycol 
- EIF : extra-cellular ice formation 
- IIF: intra-cellular ice formation 
- INA: ice nucleating agent 
- Lp: permeability constant of the membrane to water 
- M: molarity (molar concentration in mol/L) 
- Pa: pascal (pressure dimension) 
- pe: extracellular vapor pressure 
- pi: intracellular vapor pressure 
- PVAs: polyalcohols 
- PVP: Polyvinyl pyrrolidone  
- R: gas constant ( 8.314472 J/(mol×K) or  8.205746 × 10-2(L×Atm)/(mol×K) ) 
- RBC: human red cells 
- SA: Suspended Animation 
- SCC: supercooling capacity 
- T: temperature (in Kelvin) 
- TB: boiling point 
- Tg: glass transition temperature 
- TH: homogenous nucleation temperature 
- Tm: melting point temperature 
- TMD: temperature at which water has its maximum density 
- TX: crystallization temperature 
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- t: time (in minutes) 
- UAGA: Uniform Anatomical Gift Act 
- V: volume of water inside the cell 
- v: the molar volume of water (volume occupied by one mole of water = 18 cm3/mol) 
- w/v: weight of solute per volume of solvent (i.e. 3% w/v contains 3g of solute per 
100mL of total volume) 
- Π: osmotic pressure (in Pa or atm) 
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11. Appendix 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
NAME LOCATION YEAR OF CREATION 
NON-
PROFIT PATIENT PERFUSION STORAGE 
STANDBY/ 
TRANSPORT 
Alcor Scottsdale, Arizona 1972 Yes Yes Yes Yes Yes 
American 
Cryonics 
Society (ACS) 
Cupertino, 
California 1969 Yes Yes Yes* -* Yes* 
Cryonics 
Institute (CI) 
Clinton 
Township, 
Michigan 
1976 Yes Yes Yes Yes -* 
EUCrio Braga, Portugal 2010 - - Yes - Yes 
KrioRus Alabychevo, Russia 2005 - Yes Yes Yes - 
Suspended 
Animation 
(SA) 
Boynton Beach, 
Florida 2002 - - - - Yes 
Trans Time San Leandro, California 1972 - Yes Yes Yes Yes 
 
Appendix 1: Overview of all the current cryonic organizations and the services they offer. The patient administration service consists in maintaining responsibility for 
the patients while they are in cryopreservation storage. Perfusion consists in replacing the blood by cryoprotective solutions. The *=simplification : the American 
Cryonics Society s associated with Suspended Animation for perfusion and standby/transport services, and with Cryonics Institute for storage. The Cryonics Institute 
works with Suspended Animation, which offers standby and transport for the CI patients. (Modified from cryonics.org) 
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Appendix 2: Scheme from kriorus.ru “How to organize your cryonization” (translated from Russian) 
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